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ABSTRACT 
The advent of new technologies and applications employing structural 
components at the micron scale and their future development depends on the 
understanding of the fundamental behavior of materials at such small scale. The 
defining characteristic of these materials is the overlap and interaction between the 
structural length scales of the components and the intrinsic micro-structural length 
scale of the material. 
The objective of this work is to develop a new stable testing fixture that will 
facilitate quantitative understanding of the size-dependent material response and the 
heterogeneous deformation field at these length scales. The testing fixture utilizes 
compliant mechanisms which arrests deformation instabilities and premature failure. 
Detailed fixture stability analysis is performed to optimize the final fixture 
dimensions. The device design and performance 1s then calibrated with finite 
simulation and verified experimentally. 
The test methodology was implemented to test copper films with thickness 
between l 0 - I OOµm . The copper microstructure was altered via heat treatment at 
different temperature to change the grain size to film thickness ratio at the same film 
thickness. Within the experimental window, the yield stress and strain to fracture 
showed strong dependence on the grain size i.e. the Hall-Petch effect. The 
experimental observations showed that the film ductility is a strong function of the 
testing methodology. For the same film microstructure and macroscopic dimensions, 
different level of ductility can be attained based on the relative stiffness of the test 
fixture and the specimen. The fundamental operative mechanism that has been 
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identified is by consecutively stabilizing the longer wavelengths of shear band 
localization within the film and pushing them to shorter wavelengths. Thus, the film 
may attain higher levels of final strain to fracture. Detailed measurements of the in-
plan finite strain field within the film have revealed the structure of the shear bands 
and their interactions. 
The developed testing fixture was promising in the initial runs at the macro-
scale. A micro-scale version is being developed for further analysis of plasticity and 
fracture at the microstructure length scale of the material. 
CHAPTER 1. INTRODUCTION 
1.1 Mechanics of scale 
In recent times, mechanical components at the micro-scale in the form of 
micro-electro mechanical systems (MEMS) have been put to great use in many fields 
of research and technology. Although MEMS as a technology is approximately 15 
years old, extensive measurements of mechanical properties of materials at the micro-
scale have occurred only in the last 5-7 years (Sharpe, 1998). Further progress for the 
field of MEMS and many potential new applications are contingent upon a better 
quantitative understanding of material's response at the relevant size scale and also 
better design procedures and reliability methodologies. As a result, fundamental 
studies of material behavior at the micro-scale are an important area of research in 
micromechanics and offer rich dividends and exciting challenges for researchers. It 
has been known for quite sometime now that if the size of components is in the range 
of the microstructural length scale (Burger's vector, dislocation spacing etc.) the 
behavior is markedly different from their bulk counterparts. This phenomenon was 
first observed in thin films where certain defect structures were found to be 
detrimental to their strength and reliability (Thompson, 2000). Unfortunately most of 
our knowledge of material response is based on bulk material behavior, which fails to 
describe properties and behavior at the microstructural length scale. At such scales, 
the surface or interface effects dominate. 
The manufacturing processes have marked effect on the dislocation structure 
and the level of residual stresses etc. Broadly speaking, the overlap between the size 
of the component and the microstructural length scale is understood to be the primary 
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reason behind the difference in properties at the microstructural length scale as 
compared to those of bulk materials (e.g. Fleck et al, 1994; Nix and Gao, 1998; 
Stolken and Evans, 1998, Espinosa et al, 2003). Such effects on mechanical 
properties arising from the overlap between the dimension of the component and the 
characteristic length scale of physical phenomenon affecting mechanical properties 
are known as Size Effects. 
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Figure I. I. Illustration of length scale effects on mechanical properties [I] 
The structural size scale is shown schematically in figure 1 as a logarithmic 
length scale map beginning at the atomic scale all the way up to the macroscopic 
engineering structural scale level. On the left are four categories of structures and 
their position on this length scale as a function of the smallest dimension of their 
respective components. As can be seen MEMS devices use components from 1 mm to 
just tens of microns. Microelectronics and thin films on the other hand range from 
tens of microns to hundreds of nanometers. On the right of the scale are regimes 
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indicating the length scales at which the mechanical properties of interest are known 
to exhibit size effects. For example, plasticity, fracture and fatigue show size effects 
between I 00 microns to a few nanometers. 
1.2 The Role of Microstructural Constraints 
Microstructure is usually defined to encompass the arrangement of crystallites 
(of the same or different phase constitution) and the crystal defects like dislocations, 
vacancies etc. All other parameters of the microstructure being equal, its size 
parameters are known to exert a very strong influence on mechanical properties (Arzt, 
1998). Most of these size effects come about because of the microstructural constraint 
to which a particular phenomenon is subjected. For example, plasticity, fracture and 
fatigue are properties that depend on the defect generation and evolution mechanisms 
in a material. These are mechanisms that operate on a certain characteristic length 
scale for a given material type. Size effects in these properties are observed when the 
microstructural features like grain size approach the phenomenological length scale 
associated with plasticity. Similarly, elasticity is a property that operates on the 
atomic length scale. Thus size effects in elastic properties will be observed if the 
characteristic length scale of the component is on the atomic level (Espinosa, 2004). 
Engineering metals such as cooper, aluminum etc. find wide spread use in 
MEMS devices in the form of thin films . The smallest dimension of these films i.e. 
thickness can vary from hundreds of microns to just a few nanometers. Also, typical 
grain sizes of engineering materials used in MEMS devices are in the range of just a 
few nanometers up to hundreds of microns. Thus there is an overlap between the 
characteristic length scale of the component and the microstructural features . In 
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metallic thin films this results in the dependence of mechanical properties on the 
specimen size. For example, the yield stress for the onset of macroscopic plastic 
deformation shows a strong dependence on the thickness of the films (Espinosa, 
2003; Spaepen, 2000). It has been observed that at such a small scale yielding occurs 
at much higher stresses than bulk materials. 
Although the size dependence has been documented for a long time as the Hall 
Petch effect [5], a coherent understanding of these deformation mechanisms remains 
ambiguous. In addition to the plastic behavior other mechanical properties show 
similar size dependence, such as fracture toughness and ductility (Arzt, 1998). 
1.3 Mechanical testing at the micrometer scale 
The primary objective of mechanical testing is to understand the deformation 
mechanisms at these length scales and the corresponding average mechanical 
properties. Implicit is the understanding that the material property being measured 
should be independent of the method of measurement. To mention just of few, 
Young's modulus, yield stress, fracture toughness etc are mechanical properties. 
Measuring mechanical properties of MEMS materials is not an easy task owing to the 
size of the specimen and the small displacements and forces that need to be measured. 
One must find a way to achieve the following goals related to experimental 
measurement of mechanical properties: 
1. Prepare the specimen and measure the dimensions 
2. Mount and grip the specimen 
3. Application of force or displacement to deform it 
4. Measure the force or stress 
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5. Measure the displacement or, preferably, measure the strain 
All these issues pose a formidable challenge when testing a sample on the 
micro-meter scale even though all of these steps are fully developed and standardized 
for laboratory sized specimens by ASTM. For thinner samples, these standards can 
only serve as guidelines as they are not appropriate for small MEMS specimen. 
Besides addressing these issues, it would be preferable to use a direct test method for 
finding the mechanical properties similar to the approach of the ASTM standards. For 
example, to measure the Young's modulus, a uniform stress is applied which is 
calculated from the force measured and the cross-sectional area of the specimen. 
Strain is calculated independently from the measured value of the displacement. The 
specimen is designed to have a uniform cross-section, which is designed to be long 
enough so that the grip ends do not affect the stress field in the gauge section and 
allow for strain measurement. This method is commonly known as the uniaxial 
tension test. However, none of these steps is easy to achieve in MEMS specimen. In 
fact they can be very impractical and even impossible in some cases (Sharpe, 2000). 
The way around this problem is to employ inverse methods to measure the 
mechanical properties (Weihs et al, 1988; Kahn et al, 1996; Vlassak et al , 1993; 
Bhushan et al, 1991; Espinosa et al , 2003). A simple or otherwise more involved 
model is constructed of the test structure. A force is then applied on the test structure 
and the corresponding displacement is measured, the elastic, inelastic and plastic 
properties can then be extracted from the model. A simple example, one that has been 
widely used in the MEMS application is bending of a cantilever beam (Sharpe, 1999; 
Kraft et al , 1998). N anoindentation, Bulge test, Micro-bend test are other examples 
(Bhushan et al , 1990; Vlassak et al, 1993). A cursory glace at the values of a simple 
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property like Young ' s Modulus reveals that there is alarming variability in the 
reported values (Sharpe, 2000). Senturia (1998) attributes such variation to two 
primary reasons: " insufficiently precise models to interpret the data and metrology 
errors in establishing the dimensions of test devices". 
1.4 Previous Methodologies and their shortcomings 
Techniques that study MEMS material's response to mechanical loading are 
diverse and can be broadly classified as static or dynamic. Although both will yield 
the mechanical properties of the material being tested, they accomplish this goal in 
totally different manners. Within the static group are nano-indentation (Nix, 1989; 
Oliver and Phar, 1991 ), micron tensile tests (Espinosa et al, 2003 ; Bravman et al 
2003; Sharpe, 1996; Spaepen, 2000), bending (Sharpe, 1995) and bulge tests (Small 
and Nix, 1992; Vlassak and Nix, 1992). Of all the various kinds of methodologies 
that can be employed to measure the mechanical properties, tension test is the 
simplest and the most straight forward to interpret since no recourse to any 
mathematical assumption is required and also the strain and the stress can be 
measured independently (Sharpe, 2002). For thin films , an equivalent of a tension test 
for the bulk counterpart is desirable for its simplicity. Many techniques that use a 
special fixture to load the specimen under tension have been developed (Sharpe, 
1995; Chasiotis and Knauss, 1998). However the stress strain curves for these 
materials can not be uniquely determined from this data (Espinosa, 2003). It has been 
established that the plastic deformation in these materials exhibits size effects 
(Espinosa, 2003 ; Sharpe, 1996; Spaepen, 2000) specially in properties like yield 
stress, ductility. The common theme of the results for thin material from the tension 
7 
test for free standing films has been the reduced ductility and size dependent 
properties (Espinosa, 2003; Bravman, 2000). For example, Espinosa (2005) tested I 
micron thick copper using the membrane deflection experiment and found the 
fracture strain to be 1.5%. Similarly Bravman (2000) reported a stain of just 1.2% 
from 1 micron thick Al film. Our understanding of the details of the deformation of 
these materials during plasticity in these materials is severely limited by our inability 
to observe any macroscopic plasticity in these materials. However, TEM studies have 
revealed that there is significant amount of dislocation motion in these materials; this 
motion however occurs in localized regions, called bands. As observed by Espinosa 
(2003) in case of gold thin films, the films failed just after the macroscopic elastic 
limit in these regions with strain localization. Similarly, Bravman and Suo have also 
made the observation that strain localization is the primary instability that does not 
allow us to see the macroscopic plasticity these materials. As the thin film is 
deforming, at a certain stress in the material, the deformation gets localized and the 
materials begin to thin locally. It has been observed that catastrophic failure occurs 
soon after necking. Suo (2005) showed that for a free standing film, there will only be 
one neck in the film and this strain at which the neck sets in is commonly known as 
the long wave limit of necks. The proposed experimental methodology seeks to 
address the issue of this strain localization in thin materials. The proposed method 
will also present the basic considerations for the design of a test structure such that 
the rupture due to just one neck in the film can be avoided and multiple localizations 
can set in thereby leading to larger strains to fracture. 
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CHAPTER 2. DEVELOPMENT OF BASIC CONCEPT & 
CON SID ERA TIONS FOR THE FIXTURE DESIGN 
2.1 General Considerations 
This section will present the various issues that are critical to the stability of 
loading of a tensile specimen in a generalized framework. As an illustration, consider 
the shown assembly in figure 2, which represents the test structure with the most 
compliant link of the testing frame (i.e. load cell) in a serial assembly under tension. 






Specimen in series 
"" with the machine, 
stiffness = Ks;r 
Figure 2. I. Tension test system modeled as two springs in series 
The total strain energy being provided to the testing system is now partitioned 
between the testing frame and the test specimen, such that 
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UrnTAL = UM;c + Usr (2.1) 
Being in series, with stiffness values being KM;c and Ksr for the machine and the 
specimen respectively, the total end point displacements would be related as follows: 
L1M1c = t1s1r (Ks;p/ KM1c). (2.2) 
Recasting the total system energy, Eq 2.1 , 111 the form of the work done and 
employing Eq (2 .2) we get, 
UrnTAL = Y2 F L1M1c + Yz F t1s;r 
= Yz Ks;p ( t1s;p )2 ( 1 + Ks;r I KM1c ) (2.3) 
Equation (2.3) shows the dependence of stored strain energy in the testing 
frame on the relative stiffness ratioK5 1p/KM1c . In most testing 
scenariosK5 1P / K Mi c << 1, thus the stored energy in the testing frame can be ignored. 
However, if K 5 1 P /KM i c ~ 1, the stored strain energy in the machine would act as a 
driving force for the growth of any instability in the specimen. 
The instability could arise due to the presence of a flaw in the microstructure 
of the specimen that grows under stress and forms a macro-crack or the instability 
could also arise in the post uniform deformation regime when the deformation in the 
specimen becomes localized and the strain hardening can not keep pace with the 
geometric softening due to necking. The presence of instability would result in the 
change in the compliance of the specimen such that the resistance to deformation in 
the specimen would be compromised with the growth of the instability. At this stage, 
we associate a length scale to the instability, say a. This length scale could be 
associated with the crack length or the width of the localized band, depending on the 
nature of the instability. 
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As can be seen from the previous expression for the strain energy (2.3), the 
total energy in the system is an increasing function of the displacement prescribed on 
the specimen. Thus the energy of the system increases with the displacement if there 
is no instability. Every system has a natural tendency to keep its energy to a 
minimum; however, the material ' s resistance to deformation keeps the system from 
minimizing its energy during deformation and therefore encourages stable 
deformation. However, if the ability of the specimen to resist deformation is 
compromised, then the system will act to m1111m1ze the energy by causing 
instantaneous failure of the specimen. Thus, the driving force for the catastrophic 
growth of the instability is the tendency of the system to minimize its energy. The 
specimen would be most susceptible to premature failure when the length scale 
associated with instability reaches a critical value such that any further growth of the 
instability would result in the reduction of strain energy in the system. Since this is a 
favorable situation for the system from the point of view of minimization of energy, 
the strain energy stored in the system (specimen + machine) will be dumped into the 
localized region with the instability and the specimen would fracture instantaneously. 
This scenario is akin to dead loading of the specimen. Thus, any instability in a 
tension test will be accompanied by a reduction of the strain energy in the test system 
and it is this reduction of strain energy that serves as the driving force for the 
instability to propagate. 
2.2 Conditions for stability 
Intuitively, one way to avoid such instantaneous failure is to construct a test 
structure such that in case of an instability in the specimen, the overall strain energy 
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of the system i.e. test structure and the specimen is always increasing with further 
deformation, despite the growth of instability in the specimen. 
Mathematically, this condition for stability can be expressed m incremental 
form as, 
dUrnTAL / da > 0 (2.2.1) 
where 'a' is the length scale associated with the growth of instability. 
Specimen with instability 
anywhere in the gauge 
Spring element placed in parallel 










Figure 2.2 Test structure envisaged for stable testing for the specimen. 
Since, 
UrnTAL =Us + Us;r 
we have, 
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dUTOTAL dUs dUSIP 
---=--+ . 
da da da 
Thus, the condition for stability mentioned previously implies, 
dU5 dU51p 
--+ > O. 
da da 
The strain energy of the specimen is a decreasing function of the displacement once 
there 1s instability, dUSIP 
da 
< 0. Thus, the essential condition for avoiding 
instantaneous and catastrophic growth of instability, 
dU s I > I dU s I p I 
da da 
(2.2.2) 
This statement implies that the essential condition for stable testing is that for 
incremental growth of the instability in the specimen, the corresponding change in the 
stored strain energy in the test structure (spring in parallel with the specimen) should 
be greater than the change in the stored strain energy in the specimen. The driving 
force for the growth of the instability is the net strain energy available. In the absence 
of the spring in parallel with the specimen, some of the stored strain energy in the 
specimen is released with the incremental growth in the instability. It is this strain 
energy that is released with incremental growth of the instability that causes further 
growth of the instability. If the energy required for further growth is less than the 
energy released by the specimen, then the growth is unstable and instantaneous. 
When the specimen is placed in parallel with the spring, the release of strain 
energy stored in the specimen is accompanied by the increase in the stored strain 
energy in the spring. This is because the specimen and the spring are in parallel, and a 
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growth in the instability would manifest itself as an incremental displacement at the 
common boundary where displacement compatibility must be satisfied. Due to 
displacement compatibility of components in parallel, the spring will have to respond 
to this incremental displacement. If this increase in the stored strain energy in the 
spring is larger than the energy released by the specimen, the growth of the instability 
would be stable because all the energy being released by the specimen would be 
going into the spring and .thus there would not be any energy available for the 
instability to grow. The next logical step would be to formulate the design criterion 
for the proposed test system based on this analysis. 
Similar to the previous scenario, consider the load displacement curve for a 
spring in parallel with a sample with a certain stiffness as shown below. For 
simplicity, we assume that the incremental growth of the instability occurs at a 
constant combined force i.e. 
FT = Fs;p + Fs = const. (2.2.3) 
For this to occur, the loss in the load carrying capacity of the specimen will be 
made up for by the increase in the force in the fixture . Thus, differentiating equation 
(2.2.3), 
dFs = dFs;r =Ks da (2.2.4) 
Given stiffness Ks for the fixture, which is simply a spring in parallel with the 
specimen, we can write the expressions for the change in strain energy of the fixture 
and the specimen as, 





dU SP = - adaKs +-da(aKsP -Ks da) 
2 2 
dF(T} = 0 
dF fix 
a a+ a 
Length scale of instability (a) 
Figure 2.3. Linear first order analysis of stability criterion 
The rate of change of strain energy can be found from these expressions as, 
dUs 
--=aK da s 
and 
Imposing equation (2.2.2) immediately leads us to the stability condition i.e. 
(2 .2.5) 
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Thus, a spring, stiffer than the specimen, when placed in parallel, inhibits the 
unstable growth of instabilities. As observed in the previous literature on tensile 
testing (Espinosa, 2003; Bravman, 2003; Suo, 2005), especially for thin foils or thin 
films, the two prominent sources of instabilities are strain localization and the 
eventual fracture. In fact, as observed by many researchers, fracture follows soon 
after strain localization (Suo, 2005; Bravman, 2003; Espinosa, 2003; Spaepen, 2000). 
The next section would look closely at the phenomenon of strain localization and 
eventual fracture and present a simplified analysis as to how the strain localization 
can be stabilized and catastrophic failure can be avoided. 
2.3 Strain localization 
Consider a thin metal film of dimensions shown below to be under uniaxial 
tension. We assume that the stress in the film is related to the total strain by the 
following simple expression 
(} = K& N 
where cr is the true stress and £ is the log strain. The term N is known as the 
hardening exponent while K is the strength coefficient. It is well known that the point 
of instability in a tension test is the point at which the ultimate tensile strength of the 
material is attained. The deformation, which is uniform until this point, bifurcates into 
non-uniform deformation at the stress corresponding to UTS. This marks the onset of 
necking. The slope of the load-elongation curve at this point is zero (or dF = 0). Thus, 
this point corresponds to the maximum load carrying capacity of the specimen. 
To understand the physics behind this phenomenon, one must consider the 
competition between geometric softening and strain hardening. The tensile specimen 
16 
can be considered to be composed of many smaller segments attached in series to 
each other. Being in series, each segment carries the same force. Initially the 
deformation is uniform and each of these segments in series displays the same 
stiffness, thus under the same force, all the segments deform equally and therefore the 
strain in the entire film is uniform. At a later point during the deformation, one of the 
sections in series becomes weaker or more compliant than the others. This could 
happen due to any intrinsic defects in the segment. When this happens, the weaker 
segment, being more compliant than all the other segments, shows larger deformation 
under the same force as compared to all the other segments. Considering the fact that 
plastic deformation is volume conservative immediately leads to the conclusion that 
such local deformation in a specific region must also lead to equivalent thinning. As 
the segment thins locally, its cross-sectional area is reduced and thus its load carrying 
capacity is jeopardized. However, such large local deformation will also cause strain 
hardening in that region. ln case the loss in strength due to necking is made up for by 
the increase in strength due to strain hardening, the locally thinned region will 
maintain its stiffness and thus its load carrying capacity will be unaffected. The load 
maximum is attained when strain hardening can not keep up with the geometric 
softening and in such an eventuality, one such segment will begin to deform locally 
while the remaining portion of the film will case to deform. When the local region 
thins to such an extent that strain hardening fails to make up for the loss of strength 
due to geometric softening, the load carrying capacity of the specimen begins to 
reduce. ln most cases, fracture follows shortly after. Since the onset of instability 
corresponds to a load maximum, the following condition is satisfied at the onset of 
such an instability (Suo, 2005): 
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where F is the force being carried by the strip while £ is the log strain. 
Let the original cross-sectional area of the specimen be A0 • As the specimen is 
thinning with continued deformation, let the current area be represented by A. 
Drawing from the definition of log strain, the current and the original cross-sectional 
area can be related as A = A0 e-c:. 
The force being supported by the film can be written as, 
Thus, 
d.F A {dcr - l· -t: } 
-= -e -ere d& () d& 
Setting this expression to zero gives the condition for necking to occur in a uniaxial 







Thus, the true strain at the onset of necking i.e. the termination of uniform 
elongation, is numerically equal to the strain hardening exponent N. Consider the film 
in the first analysis in this section to be in parallel with a spring element of stiffness 
Ks as shown in figure 2.4. 
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Film, a = K cN 
Spring in paralle l, Stiffness - Ks 
Figure 2.4. Schematic of envisaged test system i.e. spring in parallel with strip 
The force in the film can be written as 
Since i.: is defined as the log strain, 
i.: = ln(l+ ~ ), 
where L1 is the displacement of the system under force F. 
Thus, 
The force in the spring element, 
where L is the initial length of the film and the spring element. 
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The total force in the system, 
FroTAL = Frnm + Fs 
N -E E 
= K A0 £ e + Ks ( e - I )L 
This equation can also be written as, 








The dimensionless term ~ emerges to quantify the effect of the spring element on 
K Jitm 
the overall force displacement signature of the system. To illustrate the influence of 
the spring element on the system, we pick the case of bulk copper. For bulk copper, 
the hardening exponent, N = 0.2. The yield stress is 69 MPa, E = J 20 GPa and a = 
3.84. Thus the strength coefficient, 
K = a r {__§___} N = 234 MP a. 
aay 
The normalized force v/s log strain in the specimen is plotted in the figure 
2.5. As can be seen, for freestanding metal, i.e. Ks I Ktiim = 0, the force rises with the 
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Figure 2.5. Normalized force v/s strain for bulk copper 
with Ks I Kfilm = 0, 0.2, and I and n = 0.2 
In a real material, the maximum load point marks the onset of necking and 
fracture follows shortly after. For Ks I Kfilm = 0.2, the force-displacement curve 
attains a load maximum (local maxima) and then rises monotonically. This local force 
maxima is a potential starting point for necking in the film in this case. For Ks I Kfi1m 
= 1, the force displacement curve is a monotonically rising curve i.e. no load maxima 
is attained. 
The condition for necking for such a system can then be formulated as in the 
previous case i.e. at the onset of necking, 
dFTOTA L = 0. 
d& 
After substitution for the total force in the above expression, we obtain, 
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K s -21: N- 1 ( N) 
--= e c: c:-
K Ji,m 
(2.4.5) 
This equation gives the relationship between the ratio of the stiffness of the 
spring element and the specimen at the critical strain at which uniform deformation in 
the specimen bifurcates into non-uniform deformation i.e. onset of strain localization. 
We now plot this equation for two kinds of material i.e. strongly hardening material 
with N = 0.2 and weakly hardening material with N = 0.02. 
In the graph in figure 2.6, the solid line corresponds to the plot of the equation 
for a weakly hardening material while the dashed line represents the plot of the 
equation for a strongly hardening material. Each of the two lines represent the effect 
of the stiffness of the spring on the strain at which the condition for necking is 
satisfied. This would be the strain at which the incipient neck would develop and the 
uniform deformation would bifurcate into non-uniform deformation. The analysis that 
follows can be applied to each of these lines shown on the graph. 
For a spring + specimen system in parallel, the equation described above 
divides the plane (c:, Ks/Kfiim) into two regions. The region enclosed within the curve 
corresponds to the region where the condition for necking would be satisfied i.e. the 
force-strain curve would attain a maxima (either local or global) and a neck would set 
in. The remaining region on the plane not included within the curve represents the 
region where the force maximum is not attained. Thus, above each of the curves (for 
N = 0.02 - solid line and for N = 0.2 - dashed line) force increases as the strain 
increases (dF/dc: >O); and below the curves, dF/dc: <O. The left part of the curve 
represents a force maxima and the right part a force minima. 
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If we substitute, Ks= 0, the equation recovers the well known result that, for a 
free standing metal, at the strain £ = N, the uniform deformation bifurcates into non-
uniform deformation of a large wavelength (long wave limit). The following 
conclusions can be drawn from the curve above: The lowest critical strain occurs in 
the absence of the spring system i.e. for a free standing film stretched without a 
spring in parallel. Upon introducing the spring in parallel to the free standing film, the 
critical strain increases with the stiffness of the spring. ln fact, the critical strain for 
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Figure 2.6. Effect of Ks I K1; 1m on the critical strain at which 
necking can occur 
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As can be seen in the figure above, when the specimen + spring system 1s 
subjected to a perturbation of a very long wavelength, uniform defom1ation is stable 
for all strains if ~ > 0.2 for bulk copper and ~ > 0.63 for weakly hardening 
K 1;1111 K .til111 
material. 
The above analysis pertains to perturbations of long wavelengths. In reality, a 
perturbation has Fourier components of all wavelengths. Each wavelength has a 
critical strain at which uniform deformation bifurcates into non-uniform wavelength 
at that particular wavelength. The uniform deformation is stable against perturbation 
of all possible wavelengths when the applied strain is below the lowest critical strain 
(Suo, 2005). For a free standing film , the lowest critical strain occurs at long 
wavelengths (Hill and Hutchinson, 1975). Consequently, it is common practice to 
identify the long wave limit,£ = N, as the rupture strain of free standing metal. 
However, for a copper specimen in parallel with a stiff spring, the long wave 
limit of the critical strain tends to infinity (since the force-strain curve is monotonic as 
shown). This situation is similar to the scenario presented by Z. Suo (2005) in the 
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Figure. 2. 7. Critical strains for all possible wavelengths of perturbations as a function of the 
stiffness ratio of the polymer and film in the laminate (Suo, 2005) 
The lowest critical strain and the corresponding wave number was shown to be 
dependent on the ratio of stiffness of the polymer and film. For the system under 
consideration i.e. free standing film + spring/fixture in parallel , it is logical to 
anticipate that the lowest critical strain will be for a finite wavelength. The critical 
strain and the corresponding wavelength are expected to be a function of the stiffness 
ratio of the fixture and the film. Thus one can reach to the following conclusions from 
this analysis: 
I. In the absence of a spring, the lowest critical strain will be the one corresponding 
to the longest wavelength of perturbation. Thus the film will form only a single neck 
and ultimately rupture at a strain very close to the long wave limit, c: = N. 
2. Introducing a spring in parallel with the tension test specimen leads to the 
increase in the critical strain for the long wavelength instability to be initiated, thus 
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the long wavelength neck would develop at a slightly larger strain than the long wave 
limit i.e.£ = N. 
3. Above a certain critical ratio of the stiffness of the spnng and the specimen 
(Ks/Krnm), the long wave limit will tend to infinity, thus the system will not favor the 
growth of long wavelength necks at all. However, such a system might still be 
unstable against a shorter wavelength perturbation and therefore, the wavelength that 
corresponds to the lowest critical strain will eventually begin to grow and lead to 
fracture. 
The following questions still remain to be answered at this stage: 
1. What would dictate the specific wavelength that would have the lowest critical 
strain for the film with a spring in parallel? The previous analysis indicates that the 
stiffness of the spring relative to the stiffness of the sample would have a role to play. 
The area of the sample, since it contributes to its stiffness, might also be a factor. 
2. What would be the nature of the distribution of the necks? Would only one 
wavelength have the lowest critical strain for a given stiffness ratio or can more than 
one wavelength have the lowest critical strain at the same time? 
The answer to these questions requires a full bifurcation analysis of the strip in 
parallel with the fixture similar to that done by Hill and Hutchinson (1975) and Suo 
(2005). This analysis would be a future goal at this stage. For the present study, the 
fixture has been designed keeping the stability against long wave perturbations in 
mind. The fixture will be designed for testing Copper foils between I 0 - I 00 micron 
thickness. As a reasonable approximation, we can take the hardening exponent, n = 
0.2 for such material. As shown previously, the critical strain for bifurcation is related 
to the ratio of the stiffness of the film and the stiffness of the fixture. It was also 
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shown that if the ratio KtixlKtiim > 0.63 then the condition for long wavelength neck 
i.e. single neck in the thin foil, would never be satisfied during the deformation. The 
tensile specimen was designed to have a width of l - l .5 mm and a gauge length of 5 
mm. The stiffness term for the film can thus be calculated as, 
234 x A 
Kt11111 = L 
where A is the cross-sectional area and L is the gauge length. Knowing the critical 
ratio Kfix/Km111 = 0.63 , we can estimate the required stiffness of the fixture for the 
entire range of the samples we plan to test. 
Thickness of specimen Kmm Kn, required 
mm N/mm N/mm 
0. 1 7.02 4.42 
0.05 3.51 2.21 
0.025 1.76 1.1 
0.0125 0.59 0.55 
Table 2.1. Required stiffness of the fixture for stability of different sized 
specimens 
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CHAPTER 3. FIXTURE DESIGN 
The test structure or the fixture is conceptualized such that it deforms to cause 
uniaxial tension in the specimen which is attached to it. One such geometry is a 
combination of four bending elements as shown in figure 3.J. 
Figure 3. l . Proposed test structure with tensile specimen 
The nature of the support at the ends of each of the arms is such that the 
relative angle between the arms remains the same i.e. fixed - fixed supports which do 
not allow any rotation of the neutral axis of the arms. This constraint on the rotation 
at the supports implies that the fixture accommodates the deformation entirely due to 
bending in the four arms. Thus the stiffness of the fixture would be dependent on the 
bending stiffness of the arms. The fixture is equivalent to a spring in parallel with the 
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tensile specimen. As discussed in the previous section, the stiffness of the fixture with 
respect to the stiffness of the specimen is critical for the stability or otherwise of the 
tension test. Thus the first step in the fixture design is to formulate an analytical 
expression for the stiffness as a function of the dimensions of the arms of the fixture. 
Then, this analytical expression can be used to fix the dimensions for the arms of the 
fixture depending on the desired stiffness. 
3.1 Analysis of Fixture Stiffness 
To calculate the stiffness of the fixture, we use the familiar Castiglano' s 
theorem. Given the external loading and the boundary conditions, the force acting can 
be calculated from the derivative of the total strain energy stored in the fixture with 
respect to the displacement corresponding to the force in question. We first consider 
each representative arm under bending. Figure 3.2 shows the free body diagram of 
any arm of the fixture. Since the angles are enforced to be constant, there would be a 
reactionary moment acting at all the joints so as to preclude any bending of the arms 
near the support. Let this reactionary moment be MR and the reaction force be FR· 
The externally applied load, F, can be resolved into two components. The component 
acting normal to the arm, FN, is the one that leads to bending while the axial 
component, FA, is compressive in nature and therefore causes compressive stresses in 
the arms. 
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Figure 3.2. Free body diagram of the anns of the fixture . 
At any section 'x ' units away from the point of application of the external 
force F, the moment can be written as, 
(3 .1) 
The fixture is initially symmetric i.e. the angle subtended by each arm is 45°. Thus, 
F 
FN =FA = 2Ji (3.2) 
Similarly, the reaction force FR can be broken into two components i.e. FRN 
and FRA. From force equilibrium, we get, 
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From moment equilibrium i.e. L M = 0 we get, 
F 
MRI + MR2 = r;:: I 
2-..J2 




MRI = MR2 = --/ 4,fi. 
Substituting (3.5) back into the momentum equilibrium equation (3.4), 









The strain energy stored in each arms due to bending can now be calculated as, 
dU = M(x) 2 dx 
2£1 
substituting M(x) from, we get, 
{_!___ (/ - 2x )} 2 
dU= 4J2 dx 
2El 
Integrating this equation over the entire length of the arms we obtain, 




Thus, the total strain energy stored m the fixture due to bending can now be 
calculated as 




As shown in the figure 3.2, the external load has two equal components i.e. the 
normal force, FN and the axial force FA· The normal force causes the bending 
deformation in the arms while the axial force causes compression in the arms. The 
overall response of the arms is dictated by both the bending and the compressive 
loading of the arms. The magnitude of the axial component of the force, FA, acting on 
the arms is given by 
Given the cross-sectional area A of the arms, the normal stress in the arms due to the 
axial force can be calculated as, 
F 
2..fi. xA 
The strain energy stored m the entire arms due to this compressive normal 
stress can be calculated as: 
{ F }
2 A/ 
2..fi. A 2 E 
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(3.8) 
Thus the total strain energy in the fixture due to bending and compression is 
given by 
UFrx = UF1x c + UF1x B 
ln order to calculate the stiffness of the fixture , we use the familiar Castiglano 's 
theorem. According to the theorem, the vertical displacement of the fixture under the 





F/ 3 FI 
-0.v = -- + 
24£1 8AE 
ln the above express10n, the first terms signifies the contribution of the 
bending deformation to the overall stiffness while the second term signifies the 
contribution of the compressive deformation to the overall stiffness. 
We define the stiffness of the fixture as, 
F 




KFrx = -- + 
/ 3 I 
(3.9) 
Keeping the values in table 2. l in mind, the fixture was designed with arms of 
spring steel with nominal thickness of 250 microns and 15 mm long and 5 mm wide. 
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From (3.9), the stiffness of a fixture with such arms can be calculated as 
approximately 7.5 N/mm which is well above the critical requirement. The next 
section would confirm this stiffness calculation using a 3-D FEM model using 
Abaqus. 
3.2. FEM Calibration 
The FEM calibration of the fixture was performed with the following 
objectives in mind: 
1. Confirm the stiffness calculation of the fixture 
2. Elucidate the nature of the deformation of the fixture 
3. Validation of the testing methodology 
3.2.1 Stiffness Calibration 
In order to achieve these objectives a full 3-D analysis was performed. The 
fixture was made in the CAD module of ABAQUS to have the same dimensions as 
the actual fixture being used for the experiments. All the parts of the fixture, 
including the four arms, were modeled as a linear elastic material with young 's 
modulus of 210 GPa which corresponds to Spring Steel. The fixture was loaded under 
displacement control with a linear displacement ramp of 0 - 2mm in a time step of 1. 
The bottom shoulder was used to load the fixture while the upper shoulder was held 
fixed. These boundary conditions are identical to those in the actual fixture being 
used in the experiment. The displacement range chosen was akin to the actual 
displacement range used in the experiments. The arms were modeled with Shear 
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Flexible Beam Elements. 5 elements were chosen across the thickness of the arms 
while 20 elements were chosen along the length of the arms. 
The stiffness of the fixture from ABAQUS was calculated by evaluating the 
reaction at the supports. Figure 3.3 compares the response of the fixture as modeled 
by ABAQUS with the developed analytical model and the experimental results. 
model agrees with the experimental results. However, the analytical model 
overestimates the stiffness of the fixture. This is because the simplified analytical 
model does not take into account the geometric non-linearity in the fixture. The 
source of this geometric non-linearity will be discussed later in this section. The 
fixture stiffness is very sensitive to both the thickness and the length of the arms 
(cubic relationship). The fixture was designed to have 0.25 mm thick arms, a width of 
5 mm and length of 15 mm. However, the actual thickness of the arms was found to 
be 0.22 mm, the width agreed very well with the design value but the length was 
found to be 15.24 mm instead of 15 mm. The analytical and the FEM method both 
take these actual dimensions into consideration. 
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Figure 3.3. Comparison of FEM results with experimental and analytical 





The next section would elaborate on the deformation characteristics of the 
fixture and explain the source of non-linearity. 
3.2.2 Deformation characteristics of the fixture 
The fixture accommodates deformation by the bending in the arms. Due to the 
fixed-fixed supports at the ends of the arms, there is no rotation of the neutral axis of 
the arms near the supports, only the regions away from the anns deform by bending. 
This becomes evident from figure 3.4. 
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Figure 3.4 lllustration of the deformation of the fixture. The arms of the fixture are not 
allowed to bend near the supports as a result the high stress regions in the arms are near the 
support points of the arms . 
Initially, in the undeformed state, the arms of the fixture are inclined at 45°, 
but with the progression of the deformation this angle changes. The increments of the 
vertical or crosshead displacement, Liv, prescribed at the top shoulder and the 
horizontal displacement of each of the horizontal grip shoulders are related as 
Thus, the ratio of the vertical and the horizontal displacement in the fixture is a 
non-linear function i.e. the ration does not remain constant with time. This non-
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linearity was observed in both experimental and the FEM calibration of the fixture as 
shown in figure 3.5. 
--EXP· DV ·Time ------- EXP -DH -Time 
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Figure 3.5. Displacement V/S Time for the experiment and FEM model 
Figure 3.5 also shows that the deformation of the fixture was unaffected by 
the presence of the strip i.e. the assumption made about the deformation of the fixture 
in the absence of the strip remain true even if the strip is placed between the 
horizontal grip shoulders of the fixture. It is a very important feature for the fixture 
that the deformation of the fixture be independent of the presence of the strip so that 
the calibration of the fixture stiffness in the absence of the strip can be used for the 
data analysis as will be shown later on in chapter 4. 
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3.2.3 Validation of the testing methodology 
The validation of the testing methodology basically seeks to answer the 
following questions : 
1. Will the defonnation in the strip between the grip shoulders be uniaxial tension as 
expected? 
2. Are the assumptions made for the data analysis valid? i.e. Can the modeled 
behavior of the strip be extracted from the combined response of the fixture and the 
strip? 
To answer these questions, a tensile specimen was added between the grip 
shoulders of the fixture in the FEM model. The tensile specimen was modeled as a 
Dog-Bone sample, 3 mm wide and 9 mm long. The thickness of the strip was chosen 
to be 25 micron. The material of the strip was modeled using deformation plasticity. 
Owing to the plastic defonnation, hybrid element formulation was used in the strip. 
The results were checked with both HEX and TET elements and also different 
element sizes. 
The mechanical response of the strip was extracted from the combined force -
displacement data obtained from Abaqus at specific time steps. lt should be noted 
from figure 3.6(a) that the assumption that all the deformation is happening in the 
gauge region of the strip only is not valid. In order to accommodate for the true gauge 
length of the strip, the nodal values of the strain were compared with the strain 
calculated from end displacements using the gauge length of the strip. The 
comparison was used for the purpose of calibration such that the actual strain in the 
strip (nodal values) could be obtained directly from the end displacements of the strip. 
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Figure 3.6(a) Test structure in the deformed state. 
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Figure 3.6(b) Comparison of the strain calculated from the assumed gauge length of the strip 
and the end point displacements with the actual strain obtained from the nodal points. 
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Figure 3.7 (a) Force Displacement data obtained from the FEM model 


















Figure 3.7 (b) Stress Strain data obtained from the data analysis compared with the modeled 








0 0.02 0.04 0.06 0 .08 0.1 0.12 
Log Strain 
- ----~- -------------






"' ~ 150 
u; 
" 
" ;:::. 100 
so 
from HEX and TET clements in the strip 
--+-Modelled Behaviour • 25 micron -1 - 5 -1 S - DB 
• SOmicron-1-5-15-DB • 12.Smicron-1-5-15- 08 
0.05 0.1 0.15 
Log Strain 
0.2 0.25 0.3 
Figure 3.8. Response obtained from FEM analysis for material with different thickness 
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The force m the strip was found from the combined force , vertical 
displacement and the horizontal displacement of the grip shoulders using the 
methodology presented in section 4.6 and 4. 7. Figure 3. 7 (a) shows the combined 
force-displacement data obtained from the FEM analysis. The stress strain curve for 
the strip obtained from FEM is compared with the modeled behavior in figure 3.7(b ). 
Similar analysis was performed with material of three different thicknesses i.e . 
50 micron, 25 micron and 12.5 micron. Figure 3.8 shows the response obtained for 
material with different thicknesses and a comparison is made with the modeled 
behavior. 
Thus, the FEM study of the fixture leads us to the conclusion that the fixture is 
a reliable tool for performing tension test on materials of choice, the behaviour of the 
fixture is well understood and the data analysis yields reliable results. Also, the 
assumptions made for the data analysis are valid for the test structure. 
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CHAPTER 4. EXPERIMENTAL METHODOLOGY 
4.1 Overview 
As discussed in the previous sections, the test system consists of the fixture 
and the specimen. A schematic drawing of the test structure is shown below. The 
specimen is placed between the horizontal shoulders of the test structure, thus the 
tensile axis is the horizontal axis, while the loading axis of the fixture is the vertical 
axis. The fixture is loaded in compression along the vertical loading axis, as a 
consequence of its deformation, the specimen is stretched uniaxially. A schematic of 
the test setup is as shown below. 













Figure 4. l(b). Blow up of the fixture with the specimen 
4.2 Method of Loading 
The experiment was performed under displacement control. The displacement 
was prescribed on the fixture using the Instron controller at the bottom shoulder. The 
displacement rate was chosen to be 0.5 micron per sec. 
4.3 Alignment considerations 
Tension test has the advantage over other mechanical test methods in that it is 
a direct way of measuring mechanical properties without resorting to any 
assumptions. However, one of the drawbacks of this method is the potential for 
misalignment. The accurate interpretation of data therefore requires that any 
misalignment be avoided altogether. In the proposed fixture there are two sources of 
possible misalignment i.e. misalignment of the tensile sample held between the 
gripping shoulders such that the tensile axis does not coincide with the horizontal axis 
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of the fixture and also the vertical alignment of the fixture such that it is held without 
any lean either to the sides of to the front or the back. 
Loading axis of the 
Instron Machine 
Fixture 
Figure 4.2. The fixture is held in place by screws on the load cell such that it stands straight 
without any misalignment with the loading axis of the Instron machine. 
The other critical alignment is the alignment of the specimen m the gnp 
shoulders of the fixture. The specimen should be aligned along the tensile or the 
horizontal axis of the fixture to facilitate uniaxial tension in the specimen. For this 
purpose, markings are made in the grips shoulders of the fixture which mark the 
midpoints of the grip section. When the specimen is placed in the grips, a magnifying 
lens with an optical scale of resolution 100 microns is used to confirm the alignment 
of the specimen by the aid of these markings in the grips of the shoulders. 
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4.4 Data Acquisition 
Data was acquired using a Labview VI and a NI analog data acquisition rack 
with 8 differential channels. The data was sampled at l 000 Hz from the different 
sensors and the frequency of acquisition was 5 Hz. Thus, each data point saved to the 
data file is an average of 200 points. The controller computer was different from the 
computer used for data acquisition for these experiments so as to have an efficient 
data acquisition system that is not effected by the noise of the controller. Prior to 
choosing the sampling rate and the rate of acquisition test runs were performed to 
estimate the time delay due to the inner workings of the data acquisition software. 
The Labview VI was optimized so as to keep this delay between the actual acquisition 
rate and the expected acquisition rate to a minimum. Also, during the experiment 
itself, precautions were taken so that all the resources of the computer being used for 
data acquisition were not being utilized by any other software in the background. The 
data was stored directly to a spreadsheet file. 
4.5 Displacement measurement 
There are two displacements of interest in the test structure i.e. vertical 
displacement or the crosshead displacement prescribed on the fixture, ~v, under the 
externally applied load and the horizontal or tensile displacement of the specimen, 
~H- The vertical displacement is measured by three independent L VDTs. The first 
L VDT is integrated with the Instron machine. This L VDT has a resolution of 5 
micron. The experiment is performed under displacement control and the Instron 
controller uses this L VDT to prescribe the displacement on the test structure. The 
remaining two L VDTs are placed on either side of the test structure as shown in the 
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schematic below. These LVDTs have a resolution of 0.5 micron. Thus, three 
independent measurements of the vertical or crosshead displacement are made. Figure 
4.1 (b) and 4.4 shows the two L VDT s on either side of the fixture. The L VDT s can 
sense any misalignment of the fixture with respect to the loading axis of the lnstron 
machine. The readings from the two L VDT s match only in case there is no 
misalignment during the loading of the fixture. 
The tensile displacement is measured usmg a capacitive displacement 
transducer. The capacitance gauge has a linear range of 0 - 2000 microns and a 
minimum resolution of 0.5 microns. The capacitance gauge has two components i.e. 
the sensor and the target. The target is an aluminum disc mounted on one of the 
horizontal shoulders of the fixture while the sensor itself is mounted and held in place 
on the other horizontal shoulder of the fixture. As the two shoulders move apart 
horizontally, the target and the sensor experience relative displacement. This relative 
displacement between the target and the sensor changes the gap between the 
capacitive elements and causes a change in the voltage. This voltage has been 
calibrated to give the displacement reading. 
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Figure 4.3. The horizontal or tensile displacement of the specimen between the horizontal 
grips is measured using the capacitance gauge. The sensor is shown on the left shoulder of the 
fixture while the target is shown on the right shoulder. The target is attached to a fine screw 
which can be turned to adjust the initial standoff distance. 
The sensor has a stand-off distance of 250 microns from the target. The 
electronics of the capacitance gauge are so designed that the voltage output at this 
stand-off distance is -5 Volts. The total voltage range of the gauge is -5 to 5 Volts. 
Thus at a separation of 2250 microns between the sensor and the target the 
capacitance gauge gives an output voltage of 5 Volts. The sensitivity of the 
capacitance gauge is thus 0.005 Volts/micron. For displacements beyond the 2000 
micron range, the capacitive sensor output is non-linear. However, such non-linearity 
can be accommodated into the data analysis if the need be. 
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4.6 Force measurement 
The forces of concern in the model are the external force applied on the fixture, 
FT, and the tensile force that relates to the tension experienced by the specimen, Fs. 
The externally applied force h deforms both the fixture and the strip. As will be 
shown later in this section, knowing the stiffness of the fixture, the tensile force Fs 
can be calculated from the total force h for a given crosshead displacement. Thus, 
the only force that needs to be measured is the total force h. As shown in the 
schematic of the test setup, figure 4.4, this force is measured by the load cell which is 
placed below the fixture. The load cell used for this work as a 30 Kg 'S' type load 
cell (294 N). 
4. 7 Calculation of strain in the strip 
The strain in the strip can be calculated from the horizontal displacement i.e. 
tensile stretch measured by the capacitive displacement gauge. Given the original 
length of the strip, say Ls, the log strain can be calculated as 
£ = In{ L +L!J.11} 
4.8 Calculation of force in the strip 
( 4.1) 
The force in the strip can be calculated from the combined force v/s 
displacement data and the stiffness of the fixture. The development of the equations 
for the data analysis is based on the principle of conservation of energy i.e. 
(4.2) 
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where UTOTAL, Us and UF is the strain energy in the strip+ fixture system, strip and 
fixture respectively. Henceforth, in the analysis that follows, the subscript 'S' will 
refer to the strip while the subscript 'F' will refer to the fixture. We know that the 
strain energy is simply the area under the force displacement curve. Thus, if an 
external displacement of 6.v is applied on the system corresponding to the total 
external force of F then, 
(4.3) 
where the first term signifies the strain energy in the fixture while the second term is 
the strain energy stored in the film. Now, we write the total strain energy in terms of 
the total force and the displacement of the fixture + strip system i.e. 
where, FTOTAL is the total force exerted on the test system and 6.v is the corresponding 
displacement that the externally applied force produces in the test system. Combining 
the two previous equations, we obtain: 
Rearranging terms, 
(4.4) 
Given the stiffness of the fixture, FF can be written in terms of the stiffness of 
the fixture for a given displacement, 6.v i.e. FF= KF 6.v. Thus, the tensile force in 
the strip can be extracted from the combined force displacement data obtained during 
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Figure 4.4. A typical Force-Displacement signature of the combined (fixture + strip) response 
and the response of the fixture alone. 
It should be noted that, unlike for a purely parallel system, the external force 
would relate to the force in the strip and the fixture as, FF = Fs + FF. In that case, the 
force in the strip would simply be Fs = h - FF. In the fixture we used for the tension 
test, the loading axis for the fixture is not the same as the tensile axis for the strip; this 
is the reason that there is a scaling factor involved in the tensile force calculation. 
Also, note that the equation for the force in the strip derived above is appropriate only 
in the elastic region of the strip. This is because the equation depends on the fact that 
the area under the force-displacement diagram can be calculated as simply 112 F ~-
However this calculation is only valid in the elastic regime, in the plastic or non-
linear regime of deformation this equation does not hold and the strain energy must 
be calculated in incremental form. The experimental calibration of the fixture shows 
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that the ratio of L1, , is not the same throughout, this corresponds to a non-linear 
L1 ,, 
variation of the tensile displacement with respect to the crosshead displacement. To 
take care of these two sources of non-linearity (non-linear behavior of the strip and 
geometric non-linearity in the fixture) , the equation must be formulated in an 
incremental form. The preferred method would be to break up the overall response 
into smaller, piece-wise linear portions. Consider any such piece wise linear portion 
say 1-2. The total force in the strip + fixture system at point I be F 1 corresponding to 
a crosshead displacement of L1 1• Similarly the total force and crosshead displacement 
at the end of this increment i.e. at point 2 be F2 and L12. We assume that the strain 
energy stored in the system at point I is known at this stage. Thus, the strain energy at 
the end of the increment i.e. at point 2 can be written as: 
(4.5) 
where U1, U2 and L1U 1_2 are the strain energies associated with the system at point I, 
point 2 and the change in the strain energy between I and 2 respectively. 
From figure 4.2, the change in the total strain energy between l and 2, assuming 







Figure 4.5. A typical force displacement curve for the combined (strip + fixture) system and 
the fixture alone. There are two possible sources of non linearity in the combined force 
displacement signature i.e. non-linear response of the strip (plastic deformation) and non-
linearity in the f..v v/s f..H ratio. 
Using the principle of conservation of energy, this change in the total strain 
energy (strip + fixture) can be broken down into two components i.e. change in the 
strain energy of the fixture between l - 2 and the change in the strain energy of the 
strip between I - 2. 
Thus, 
11U 1-2 = 11UF 1-2 + L'1Us 1-2 (4.7) 
Given the linear nature of the fixture response as illustrated in figure 4.7 on the 
previous page, we can write, 
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Substituting these relations back into equation ( 4. 7), we obtain, 
~Us 1-2 = ~u 1-2 - ~UF 1-2 
= Yz (FT2 + FT2) (~v2 - ~v1) - Yi KF (~~, 2 -~2v 1 ) 
= /2 {c FT 2 + FT, ) - K F c ~ v 2 + ~ v , ) } c ~ V2 - ~ v, ) 
Furthermore, with the assumption of piecewise linearity in the strip response, this 
change in the strain energy of the strip between points l and 2 can be written as, 
~Us 1-2 = Yz (Fs 2+ Fs1) (~H 2 - ~H 1) 
Equating the previous two expressions, we obtain, 
Thus, knowing Fs 1, 
(4.8) 
(4.9) 
As can be seen, the equation derived above accommodates the non-linearity in the 
variation of the ratio of vertical to horizontal/tensile displacemeqt and also the non-
linearity of the strip response. The equation (4.9) can now be generalized for the 
( l )lh . kn . h .c: . h lh . n+ mcrement owmg t e 1orce 111 t e n mcrement. 
Thus, 
F _ f(F F ) K (~ ~ )}(~v (11+11-~v(11l: F ( ) S(n·l l)- ~ T(n tl) + T(n) - F V( 11+1)+ V(n) ~ -~ - S(n) 4.JQ 
II (n+ I ) /-1(11) 
55 
For the benefit of the reader, this formula can be given a simple, easy to 
understand interpretation as follows: For any piecewise linear portion of the overall 
response of the strip + fixture system, 
Fs Avg. = { h Avg. - F FAvg. } X d(flv ) 
d(flH) 
(4.11) 
This formula in ( 4.1 l) implies that the average force in the strip for a given 
increment, say from time t = n to t = n+ 1, is simply the difference between the 
average total force (strip + fixture) for that increment and the average force in the 
fixture, scaled by the ratio of the crosshead to tensile displacement for that increment. 
Recognizing the fact that the average force (total , fixture or strip) between time, t = n 
and ( n+ I) is simply Y2 (F(nl + F (n+ I)), ( 4. l 0) can be immediately obtained from the 
simple interpretation in ( 4 .11 ). 
4.9 Choice of Materials and Micro structural Analysis 
The material used for this work was thin foil copper obtained from ESPI 
materials. The material was produced by rolling to the desired thickness and supplied 
in the form of strips of 1" width. The picture below is of the 50 micron thick material 
showing the typical surface morphology of the as-received material. 
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Figure 4.6. Surface morphology of as-received material with 
prominent rolling texture (vertical direction is the rolling direction). 
The micro-structural analysis of the as-received material showed grams 
elongated along the direction of rolling. Owing to the large deformations during cold-
working of the material, a high density of twins was also observed in the 
microstructure. For the purpose of the micro structural analysis, the samples were first 
casted into an epoxy casting and polished until the rolling texture and all the surface 
roughness was completely erased and the surface had a mirror like finish. The 
polishing was then followed by etching with nitric acid to reveal the grain boundaries. 
The average grain size was calculated based on the established method of making 
random circles on representative areas of the polished and etched material and 
counting the grain boundaries intercepted by the circumference of the circle. The 
average grain size can then be calculated as simply the circumference of the circle 
divided by the number of grain boundary intercepts. While counting the intercepts 
with the grain boundaries, care was taken not to count the twin boundaries. Twins in a 
grain have the same orientation therefore they can be differentiated as parallel lines in 
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the microstructure. Also, two grains can also be differentiated if the twin boundaries 
in a region have the different orientations revealing two different grains. 
(a) (b) 
Figure 4.7(a) A typical grain in the 50 micron thick as received material. The rolling direction 
in this particular image is from left to right. (b) Etching results for 25 micron thick as-
received material. The twin boundaries in the grain on the left bottom are evident as parallel 
lines. 
Thickness Average Grain Size Average no. of grains 
(micron) (micron) across the thickness 
100 17.6 18 
50 14.3 12 
25 11 6 
12.5 6 4 
Table 4.1 . Results of microstructural analysis of as-received material 
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4.10 Sample Shape and Preparation 
For the current work the samples were made with a rectangular cross-section 
having a width of 1.5 mm and a gauge length of 5 mm. The samples were prepared 
using a tissue-cutting translation stage in the lab. Care was taken that the edges of the 
specimen did not get bent due to the cutting process. For the purpose of achieving 
that, the specimen were placed on a hard surface during the cutting process and the 
thin foil itself was taped to the stage with tape so as to keep it flat and restrict any 
movement during cutting. The tissue cutting stage was fitted with a stainless steel 
blade with a flat edge on one side so that the cross-section of the sample would be as 
uniform in width as possible after the cut. Special care was taken in handling the 
specimen during the cutting process so as to avoid any defom1ation of the thin strips. 
Any specimen that showed signs of deformation or any defect of that nature was 
rejected and not put through testing. 
4.11 . Heat treatment and grain sizes achieved for each thickness 
The as-received material was heat treated so as to relieve the residual stresses 
m the material as a result of cold working. The other motivation behind heat 
treatment was obtaining a specific variation of the grain sizes with the thickness of 
the material. The temperature for heat treatment was so chosen that the grain size 
would be of the same order as the thickness of the material. Also, in order to 
differentiate between the effects of the thickness along from those due to the grain 
sizes, it is desirable to have material with the same thickness to have multiple grain 
sizes so that the role played by the microstructural constraint on the plastic 
deformation can be understood. ln order to achieve these goals, the material was heat 
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at 400, 500 and 600 Deg C and held at that temperature for 2Hrs. The grain sizes 
achieved are tabulated in table 4.2. 
Thickness 400°C 500°C 600°C 
Ds Nt Ds Nt Ds Nt 
100 23 6 27 5 38 4 
50 19 4 28.5 3 50.4 I 
25 13 3-4 20.8 2-3 26 l 
12.5 11 2-3 14.5 l 17 l 
All dimensions are in microns 
Table 4.2. Grain Sizes achieve for each thickness 
Figure 4.8.(a) Grains on the surface and across the thickness of the 12.5 
micron thick material annealed at 600° C and 400° C 
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Fig 4.8 (b) 25 micron thick material at 400°C 500°C and 600°C 
Fig 4.8 ( c) 50 micron thick material at 400°C 500°C and 600°C 
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Fig 4.8 (d) 100 micron thick material at 400°C 500°C and 600°C 
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CHAPTER 5. EXPERIMENT AL RESULTS 
5.1 Repeatability 
Repeatability is the foremost goal of any new experimental methodology. To 
examine this issue two different samples with different thickness were tested and the 
tests were repeated several times and the data was analysed. The load deflection 
signature for the first specimen, 25 micron thick, heat treated to 500° C for 2 Hrs for 
three different runs is presented below. The combined force displacement curve 
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Figure 5.1 (a). Force-Displacement signatures for three runs with 
25 micron thick specimen 
1800 
The yield point marks the onset of macroscopic plastic deformation in the film. 
The response of the fixture is linear elastic in the range of the displacements being 
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applied in the experiments, therefore, the combined force displacement signature is 
simply the force - displacement signature of the strip, but rotated anti-clockwise 
depending on the stiffness of the fixture. The specimens being compared all have 
thickness of 25 microns. There is a smal I variation in the width (of the order of~ I 00 
microns). One of the samples was 1.36 mm wide while the other two were 1.3 mm 
wide. The three samples exhibited identical behavior except for the fracture point 
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Figure 5.1 (b ). Stress Strain data for the three identical specimen with 
thickness of 25 micron 
Another example of the repeatability of the experimental methodology is 
shown below. These two runs correspond to a film of thickness 50 micron with 
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Figure 5.2(a). Combined force v/s crosshead displacement for two 50 
micron thick films with identical dimensions. 
As the fixture with the film between the shoulders is deformed, the film starts 
to stretch elastically first and then deforms plastically until rupture at varying strains. 
The stiffness of the fixture is a constant throughout the test and is manifest in the 
unloading portion of the force - displacement signature. The stress strain curves for 
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Figure 5.2(b ). Stress strain curves for the two 50 micron thick 
samples with identical dimensions 
Figure 5.3 (a), (b), (c) and (d) shows the typical stress strain curves obtained for 
material with different thicknesses and different amounts of heat-treatment. Figure 
5.3 (a) has the stress-strain curves for I 00 micron thick material heat-treated to 
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Figure 5.3 Stress-Strain curves for different thickness and heat-treatment for all the 
materia ls tested. 50 µm th ick specimen failed in the grip section. 
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5.2. Size effects due to microstructural constraint 
The size effects observed within the experimental window of thickness and 
grain size of the material were primarily related to the Yield stress and the level of 
ductility for a given material. The different grain sizes for the same thickness were 
achieved by the way of heat treatment. The general trend is as follows: larger grain 
sizes give lower yield strength. The variation of the yield stress with grain size in 
figure 3.5 clearly shows a non-linear trend. The data points being reported in this 
figure are the average of at least three runs for each thickness and grain size. The 
variation follows the well-known Hall-Petch relation i.e. <Jy a d- 112· Thus, on plotting 
all the yield stresses with the corresponding square root of the average grain size, it is 
seen that all the point lie along a straight line (figure 5.4) . 
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Figure 5.5 Yield Stress V/S !/(Grain Size)"'l/2 for the materials tested 
Figure 5.5 shows the variation in the strain to fracture with respect to the grain 
size for the materials tested. As can be seen, the general trend is that with the increase 
in grain size, the strain to fracture also increases. The difference in the strain to 
fracture with grain size can be explained on the basis of the ability of the material to 
strain harden. For larger grain sizes, the mean path length of the dislocations is larger 
and therefore they have a better chance of interacting with each other and thereby 
cause strain hardening. On the other hand, for thin foil material with smaller grains, 
the dislocations are not able to form entaglements and other complicated structures 
that lead to strain hardening. As was discussed in section 2, the ability of the material 
to strain harden dictates the critical strain at which a neck will set in and the fracture 
will follow soon after that point. This becomes very evident in the response of the 25 
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and the 12.5 micron thick material which ruptured at much lower strains as compared 
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Figure 5.6 Fracture Strain V /S Grain Size for all the materials tested. 
These observations are in line with previous findings for material of similar 
thickness and grain sizes (B. Weiss et al, 2002). However, the strains achieved in this 
study were much larger than the strains reported by other researchers for material of a 
similar thickness and grain size. Figure 5.8 compares the strains obtained in this study 
with those obtained by Weiss et al (2002) for similar material. This observed large 
macroscopic ductility is due to the simultaneous existence of multiple localizations in 
the tensile specimen which contribute to a large macroscopic strain. SEM scan of a 50 
micron thick film in figure 5.8 confirms the presence of multiple necks. As discussed 
in Section 2.3 , the presence of the fixture allows for the short wave modes of 
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localizations to appear in the material during deformation. Due to the fixture, it 
becomes energetically unfavorable for the deformation to be localized in a single 
neck. The system requires larger energy to deform a neck beyond a certain level of 
strain as a result, the growth of the neck would freeze at a certain local strain level, 
and another neck would be initiated in the vicinity of the existing neck. The dynamics 
of the initiation and evolution of these necks will be studies with the help of digital 
image co-relation in the near future. 
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Figure 5. 7 Comparison of ductility obtained in this work with the values reported 
by Weiss et al (2002) 
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Z0kU X130 1~ Z4 5S SEI 
Figure 5.8. SEM images of two 50 micron thick samples tested with the macrofixture. The 
images confirm the presence of multiple localizations responsible for the large macroscopic 
strains to failure . 
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CHAPTER 6. CONCLUSIONS AND FUTURE WORK 
6.1 Conclusions 
Although MEMS as a technology has been around for many years, the material 
behavior at the microstructural length scale is still poorly understood. The material 
characteristic length scale becomes of the same order as the microstructural features 
like grain size, dislocation spacing etc. Such overlap gives rise to size dependent 
macroscopic material response. The processing conditions become very important for 
controlling the net number of grains within the structure and the relative inter-
granular adhesion relative to the trans-granular properties. The ability to quantify 
mechanical properties and observe the deformation of the material at the 
microstructural length scale is an invaluable tool in furthering our understanding of 
these materials. However, experimentation and observation of the details of the 
deformation of these materials at such small length scales is a very challenging task 
owing to the drawbacks of existing experimental techniques and instrumentation. For 
example, the results of tension tests for thin films shows failure at strain as low as 1-
2% with negligible plastic macroscopic deformation (Espinosa, 2003; Spaepen, 2000; 
Bravman, 2003). Even though the experimental techniques used in the past for such 
thin material have shown limited ductility, it has been shown that the material itself 
does retain the ability to deform plastically (Espinosa, 2003; Suo, 2005). However, 
the plastic deformation in these materials is often localized in a small band or neck, 
roughly of the order of the thickness of the material (Bravman, 2003; Suo, 2005; 
Espinosa, 2003). The regions where the deformation becomes localized quickly lose 
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integrity and cause instability in the material, and thereby leading to rupture at small 
strains. 
In this work, the extent of possible plastic deformation in these structures is 
shown via the implemented stable testing methodology. The concept is implemented 
and validated for copper thin foils with thickness ranging between l 0 and l 00 
microns. The basic considerations for the stable tensile testing have been presented in 
a generalized framework. The stability criterion addresses the requirements for 
stability against, both, post-uniform deformation regime and catastrophic failure. 
Furthermore, the stability condition has been incorporated into the design of the 
macrofixture. Finite Element modeling was used to understand the deformation of the 
fixture and also for validation of the testing methodology. The results from the 
experimental technique have been shown to be repeatable and reliable. 
Size effects have been observed in the mechanical properties, specially yield 
stress and fracture strain, of the thin foils tested in this work. The yield stress values 
for the material shows Hall-Petch effect. Also, the hardening of the materials has 
been shown to be dependent on the grain size. Larger grains sizes lead to greater 
strain hardening while smaller grain sizes lead to higher yield stresses but lesser strain 
hardening. The fracture strain also exhibits dependence on both thickness and grain 
size. For example, for the same thickness, larger grain sizes give larger fracture strain. 
Even though the trend of the 100 micron thick material is in contrast to this 
observation, the variation in this case was within the range of stochastic variations. 
The trend is very vivid in the thinner material i.e. 12.5 micron thick and 25 micron 
thick. SEM images of some of the specimen indicate the presence of locally thinned 
regions or necks. These regions are evidence of the localized nature of the plastic 
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deformation of these materials, especially at large strains. The results of the previous 
experimentation on copper foils of the same thickness by B. Weiss et al (2002) 
indicate a fracture strain of 15% for 50 micron thick material which had been heat 
treated to 600 °C. The maximum fracture strain obtained in their study was 36% for 
250 micron thick copper strip. For the purpose of comparison, our work presents a 
fracture strain of 43% for the 50 micron thick material heat treated to 500°C. In fact 
the material did not fracture even at this strain but given the linear range of the 
displacement sensor, further loading was not done after this point. The 400°C 
annealed material on the other hand showed a maximum fracture strain of 32%. The 
crack propagation in all cases was stable. In this work, the 12.5 micron thick material, 
annealed at 500°C showed a fracture strain of 30%. Thus, the 12.5 micron thick 
material in our experiments showed a larger strain than the 50 micron thick material 
in Weiss's experiments (2002) . This defies our common understanding that thicker 
material with larger grains should lead to larger fracture stress. We believe the reason 
behind this seemingly contradictory result lies in the fact that thinner material can be 
deformed to a much larger strain than anticipated if the growth of the instability can 
be checked. The presence of just one locally thinning region would have a small 
contribution to the macroscopic strain; the only way to achieve large macroscopic 
strains is to achieve more multiple regions that deform simultaneously so as to 
produce large macroscopic strains to fracture . As the SEM results indicate, even 
though there is localized deformation in our samples, this localized deformation is 
actually occurring simultaneously at more than one site in the material. The existence 
of multiple localizations is the reason behind the larger strains observed in this study. 
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The implications of these findings are significant for facilitating stable testing of 
thin films. The use of thin films in many new emerging technologies makes the 
reliability of thin films a big issue. Thin films are known to fail by strain localization. 
The proposed tensile testing methodology will make it possible to observe the 
deformation of the material in these localized regions and further the understanding of 
the factors that influence the neck initiation, propagation and neck spacing. 
6.2 Future Work 
In the present study the criterion for the design of a macrofixture for stable 
testing of micro sized specimen were established and the fixture was designed 
according to these criterion. The concept of the testing methodology has also been 
validated and the reliability of the obtained data has been established. The future 
work would focus on the studying the details of defom1ation in thin foils and 
eventually thin films. 
It was shown in this study that the presence of the fixture does in fact facilitate 
the activation of short wavelength modes of necking in the thin foils instead of just a 
single neck (long wavelength instability) and eventual fracture. In the coming months 
we will focus on understanding the factors that control the spacing of these necks. 
Similar work by Suo (2005) for a laminate of a polymer and a thin film indicates that 
the spacing of the necks is dictated by the relative stiffness of the film material and 
the spring element in parallel with it. In case of our methodology, the spring element 
in parallel with the specimen is the fixture itself. Thus, we anticipate that the stiffness 
of the fixture relative to the stiffness of the film would have a major role to play in the 
selectivity of the wavelength of the bifurcations that set in the strip during 
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deformation. We also anticipate that the strain hardening of the material of the strip 
would also play a leading role in the phenomenon of localization. It is pertinent to ask 
that given the same ratio of the stiffness of the fixture to that of the film, would the 
neck spacing scale with the thickness of the material? Conversely, give the same 
thickness and grain size, will the stiffness ratio dictate the mode of necking? We plan 
to use image processing tools to study the full field deformation of the tensile 
specimen during testing and understand the dynamics of evolution of the 
localizations. 
Furthermore, the idea of using a macrofixture to test micro-sized specimen will 
be extended to even smaller length scales of metallic films . The current study focuses 
on I 0 - I 00 micron thick material. In the future we plan to extend the same idea to 
material with thickness in the range of I 0 micron - I 00 nm. The fixture in this case 
would be fabricated by well-established micro-fabrication procedures on a Silicon 
wafer. The thin film will be deposited on the fixture spanning the horizontal shoulders 
using E-beam evaporation over an oxide layer. The oxide layer can then be etched 
away using wet etching methods to obtain a free standing thin film. 
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Arms of the test fixture 





Free standing film will span this regi~,,..,.-.-
between the two shoulders 
Support strips that hold the test 
structure in place in the wafer. 
Blow up of the test device 
Figure 6.1. Proposed mask design for the fabrication of the fixture-strip assembly. The base 
of the structure will be held fixed while the Nano-lndentor will be employed to load the 
fixture-strip assembly under displacement control from the top. 
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